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Abstract 
 
The applications of resonant soft X-ray emission spectroscopy on a variety of carbon 
systems have yielded characteristic fingerprints. With high-resolution monochromatized 
synchrotron radiation excitation, resonant inelastic X-ray scattering has emerged as a new 
source of information about electronic structure and excitation dynamics. Photon-
in/photon-out soft-x-ray spectroscopy is used to study the electronic properties of 
fundamental materials, nanostructure, and complex hydrides and will offer potential in-
depth understanding of chemisorption and/or physisorption mechanisms of hydrogen 
adsorption/desorption capacity and kinetics. 
 The primary challenge of using more hydrogen in our energy systems is the cost of 
producing, storing, and transporting the hydrogen. Of all these, hydrogen storage is the 
most challenging task for developing the hydrogen economy. Chemical-based solid-state 
hydrogen storage methods use materials that retain hydrogen, which can subsequently be 
released by heating or via a chemical reaction. These systems have the potential for 
greater onboard fuel capacity than compressed gas or liquid hydrogen systems. However, 
they are still at an early stage of development. 
The basic requirements for effective hydrogen storage include high storage capacity with 
high gravimetric and volumetric densities, fast kinetics to enable quick uptake and 
release, a long cycle lifetime for hydrogen adsorption/desotrption, and effective heat 
transfer [1,2]. The development of hydrogen-fueled vehicles and portable electronics will 
require new materials that can store large amounts of hydrogen at ambient temperature 
and relatively low pressures with small volume, low weight, and fast kinetics for 
recharging. A design target for automobile fueling (FreedomCAR project) has been set 
by the U.S. Department of Energy at 6 wt% and 9 wt% hydrogen storage capacity in 
2010 and 2015, respectively. 
Hydrides offer the advantage of high storage densities per unit volume that are 60% 
higher than those of liquid hydrogen at 20K, and approximately seven times above that of 
compressed gas at a pressure of 200 bar [3]. There are two basic hydride families of 
intermetallic compounds: metal or interstitial hydrides and complex hydrides. Both metal 
and complex hydrides suffer from high thermal stability (hydrogen desorption 
temperature > 250°C) and/or slow kinetics, which prevent these materials from practical 
applications [4,5]. 
Our concept is to exploit the electronic properties of hydrogen storage materials to gain 
insight into hydrogen adsorption in metal and complex hydrides, doping- and defect-
induced hydrogen adsorption/desorption, combined chemisorption and physisorption 
mechanism for hydrogen storage using metastable nanoporous hydride materials and 
carbon nanostructures, and new classes of hydrogen storage materials, for example, 
carbon nanostructured materials and metal organic framework. 
Based on photon-in/photon-out soft-x-ray spectroscopy, we aim for in-depth 
 understanding of the mechanisms to increase the hydrogen-storage capacity and to 
improve the hydrogen-storage kinetics. Soft-x-ray absorption probes the local 
unoccupied electronic structure; soft-x-ray emission probes the occupied electronic 
structure; and the addition of resonant inelastic soft-x-ray scattering (Raman spectroscopy 
with soft x-rays) opens a new field of study by disclosing many new possibilities for 
photon-in/photon-out soft-x-ray spectroscopy [6,7]. 
Hydrogen storage reactions require a control of kinetics and interface under well-defined 
temperature and pressure, which is as important as designing new materials. Such an 
effort requires the continual development of new experimental techniques and 
methodologies. We have demonstrated the usefulness of soft-x-ray spectroscopic studies 
of liquids, gases, and solid samples in a gaseous environment. 
We have used the experimental equipment at beamline 7.0 at ALS, which is equipped 
with a SGM monochromator with a resolving power of 4000 in the energy range of 80-
1000 eV appropriate for studying the fundamental electronic properties and 
chemisorption and/or physisorption mechanisms of hydrogen storage materials. Soft x-
rays require a vacuum environment in the beamline and fluorescence spectrometer. Thus, 
the gaseous and liquid-phase samples will be maintained in cells inside the vacuum 
chamber with windows to allow the penetration of soft x-rays. In the soft-x-ray regime, 
the attenuation length of photons is typically hundreds of nanometers in solid matter. The 
penetration depth offers experimental opportunities not present in electron-based 
spectroscopy. This offers the possibility to study hydrides confined in a closed volume, 
such as a solid-state hydride sample exposed to hydrogen gas in the sample cell. One of 
major challenge for the hydrogen cell is find a suitable thin window to be transparent for 
soft x-rays and strong to maintain the pressure for hydrogen reactions. Currently we use 
100-nm-thick silicon-nitride membrane for liquid and gas cells. 
Using x-ray absorption spectroscopy (XAS) and selectively excited x-ray emission 
spectroscopy (XES) to probe unoccupied and occupied electronic states, one can establish 
a firm interpretation for the unusual thermodynamic properties of molecular liquids. 
Furthermore, one can elucidate finer details of their structural properties. XAS and XES 
spectra reflect the local electronic structure of the various conformations. XES spectra, 
 emanating from the radiative decay, subsequent to core excitation, can be useful in 
assigning structures in XAS spectra [8-11]. 
Chemical sensitivity is obtained when the resolution of the detected emission lines is high 
enough to resolve fine structure. The line shapes are determined by the valence electron 
distribution and the transitions are governed by dipole selection rules. For solids, 
essentially a partial DOS mapping is obtained. This is exemplified by the carbon K-edge 
absorption and emission spectra of the carbon solids. 
The difference in structural arrangement of these allotropic forms of carbon gives rise to 
the wide differences in their physical properties. Carbon has an atomic number of 6 and 
has the 1s22s22p2 configuration in its electronic ground states. The sp-orbital, and the sp3-
hybrid orbital indicate rotational symmetry. Bonds of this kind are called σ-bonds. The 
electrons involved in such bonds are called σ-electrons. With double bonds in sp2-
hybdrid orbitals, so-called π-orbitals occur with corresponding π-electrons. Such orbitals 
are not symmetrical with regard to their bonding orientation. 
The normal carbon K-edge x-ray and absorption and emission spectra of diamond, 
graphitic carbon, C70, C60, and benzene are presented in Figure 1, where large differences 
in spectral profile are observed. The spectra of diamond and graphitic carbon show a 
wide band with some shoulder structures, where the energy positions of the peak 
maximum and band shapes are largely different. In some studies related to vapor 
deposition, the x-ray emission spectral profile has been used as a means to identify 
certain chemical states [12,13]. In contrast, the spectra of benzene, C60, and C70 exhibit 
clearly resolved emission peaks, indicating strong molecular character in their solid 
phase. The marked resolved emission features in benzene can find their counterpart in the 
emission spectra of C60 and C70, and all the fine structures are washed out in diamond and 
graphite. 
The x-ray absorption spectral shape of carbon nanotubes is similar to that of HOPG, 
which is different from that of C60. The π* shows a shift towards low photon energy in 
the x-ray absorption of C-nanotubes. C60 gives more resolved absorption features, which 
indicate a strong molecular character of C60. Non-resonant carbon K-edge emission 
spectra of carbon nanotubes and C60 show a similar shape, but resonantly excited K-edge 
 emission spectra reveal large differences in the electronic structure of these two systems. 
The x-ray absorption spectrum of diamond shows no π* contribution, and the absorption 
feature at 288.8 eV is the diamond exciton. 
The interaction of titanium and C60 in co-evaporated Ti intercalated C60 has been 
investigated by using XAS, XES, and detuning excited XES [14,15]. The RIXS spectra 
of Ti-C60 are different to that of pure C60 (seen in Figure 2). On excitation below π* 
resonance the spectra show a remarkable excitation energy dependence, which has been 
discussed in detail for pure C60 [16]. The RIXS spectra of the Ti-C60 sample have, in 
addition to a C60-like dispersing peak, a feature at constant emission energy, around 277-
279 eV. The dispersion properties in the RIXS spectra of the Ti-C60 sample can thus be 
used to assign the states that are reached at the various excitation energies. The dispersing 
C60-like feature is associated with excitations to the C60 π*-like strong absorption 
resonance, whereas the non-dispersive feature is due to excitations to the first metal-like 
states just above the Fermi level. 
Note that these states, which can hardly be observed in direct absorption, give an 
essential contribution to the RIXS spectra, and thus, information about the carbon-
titanium bonding. By examining the threshold-excited RIXS spectra of the Ti-C60 sample, 
the symmetry of the first unoccupied orbitals can now be readily determined. The C60-
like dispersing feature is indicative of t1u-like symmetry. The C60 π* orbital largely 
retains its character as it hybridizes with the metal orbitals. On the other hand, it is 
immediately obvious that the non-dispersing feature at 277-279 eV emission energy 
cannot be due to excitations of the same symmetry. Instead this part of the spectrum can 
be explained by assuming that the first unoccupied states are of hu-like symmetry. 
Hydrogen strongly affects the electronic and structural properties of many materials. In 
terms of electronic structure, the proton acts as an attractive potential to the host metal 
electrons; electronic bands are lowered in energy and form low-lying bands by 
hybridization with the hydrogen band. The change of electronic structure and energy 
bandgap as a result of hydrogen adsorption/desorption was demonstrated in the study of 
metal hydrides [17,18]. For example, the photographs in Figure 3(top) show the behavior 
of a 500-nm-thick yttrium film covered with a 20-nm palladium layer [19]. The yttrium 
 film before hydrogenation (top left) is metallic and all the photons in the visible range are 
reflected. The mirror image of the knight is clearly visible. The film after hydrogen 
uptake (top right) is in the trihydride phase and has become transparent shown by the 
visibility of the chess-board pattern. The hydrogenation can be understood by means of 
soft-x-ray spectroscopy. Figure 3(bottom) shows the Y-M4,5 x-ray fluorescence and 
absorption spectra from Y, YH2, and YH3. We can see the metallic character of yttrium, 
i.e., the finite density of states at the intersection of the soft-x-ray emission and 
absorption spectra (Fermi level). For YH2, hybridization states appear at binding energy 
of 7 eV and a finite density of states remains at the Fermi level. For YH3, a 2.5-eV band 
gap has opened up, which indicated the MIT from yttrium metal to yttrium tri-hydride. In 
one of the experiments performed earlier, a pressure of 100-torr H2 was sealed in a Si3N4-
windowed cell [17]. 
In summary, we have demonstrated utilization of soft-x-ray spectroscopy as a unique 
method for studying the fundamental electronic properties and chemisorption and/or 
physisorption mechanisms of hydrogen storage materials. Most of the proposed 
experiments are very photon hungry and thus require the use of 3rd generation soft-x-ray 
synchrotron radiation facility such as the ALS. Considerable sample freedom is offered, 
and adsorbates, thin films, solids, and buried structures can be studied with and without 
the presence of a hydrogen atmosphere. 
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Figure 1. (a) Normal carbon K-edge emission spectra of diamond, amorphous carbon 
(graphitic), C70, C60, and benzene; (b) X-ray absorption spectra of C60, carbon nanotubes, 
HOPG, and diamond. 
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Figure 2. Experimental and theoretical RIXS spectra of C60 (lower left) and the Ti-C60 
(lower right) are recorded at selected excitations near the π resonance (284.5 eV) and 
below. XAS absorption spectra are at top with arrows indicating the excitations. 
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Figure 3. The yttrium film is mirror before hydrogenation (top left) and becomes 
transparent after loaded with hydrogen (top right) [Huiberts et al. Nature 1996]; Soft-x-
ray spectra map the occupied and unoccupied electronic structure and show metal and 
insulator transitions of Y hydrides (bottom). 
